The in vivo effect of vitamin C or p-carotene on sister chromatid exchange (SCE) radio-induction was determined in murine bone marrow cells sensitized by BrdU incorporation. Pre-or post-treatment with 100 mg/ kg body wt vitamin C did not cause a significant reduction in SCE induced by the exposure to 0.63 Gy y-rays. Treatment with a double dose of vitamin C and with 0.45 Gy radiation did not cause a significant reduction in SCE frequency. However, due to the fact that vitamin C per se is capable of SCE induction, if an additive effect of radiation and vitamin C is considered, the expected frequency is higher than that observed. This Implies that vitamin C could have a slight radioprotective activity. With regard to P-carotene, it has been demonstrated that 50 mg/kg body wt causes a statistically significant increase perse, although pre-and post-treatment with the same dose has an additive effect on SCE frequency induced by 0.62 Gy radiation. This indicates that P-carotene does not have radioprotective activity under the conditions used in the present study.
Introduction
There are several studies with respect to the radioprotective capacity of chemical agents of different characteristics (Pitra etal., 1977; Mendiola-Cruz and Morales-Ramirez, 1989; Zimmering etal., 1990; Morales-Ramirez and GarciaRodriguez, 1994) . Special attention has focused on substances present in the diet because of the possibility of ingestion as a route of administration (O'Connor et al., 1977; Mendiola-Cruz and Morales-Ramirez, 1989; Packer, 1991; Henson etal., 1991; Morales-Ramirez and Garcfa-Rodrfguez, 1994) . Some vitamins, such as ascorbic acid (vitamin C) and P-carotene (vitamin A precursor), have been reported to modify or decrease reaction with free radicals produced by metabolism or radiation (Armes, 1983) .
Vitamin C is an antioxidant which is consumed in the diet and as a diet supplement. It has been reported that vitamin C and ^-carotene has anti-mutagenic and anti-carcinogenic activities (Shamberger etal., 1973; Ames, 1983; Ong etal., 1989; Henson etal., 1991) . A radioprotective activity of vitamin C has also been detected in bacteria (Shamberger etal., 1973) and barley seeds (Conger, 1975) , as well as in CHO cells in vitro (O'Connor et al., 1977) and in bone marrow cells from mice and rats in vivo (El-Nahas etal., 1993; Sarma and Kesavan, 1993) . Radioprotective activity of P-carotene has been demonstrated with regard to micronucleus (MN) induction in mice in vivo (Sarma et al., 1994; Umegaki et al; 1994a) and in human lymphocytes in vitro (Umegaki etal; 1994b) . p-Carotene also prevents cell transformation induced by X-rays (Kennedy and Krinsky, 1994) .
Ionizing radiation is capable of SCE induction (Renault etal., 1982; Chao and Rosenstein, 1984; Morales-Ramirez, etal., 1984a , 1988 , especially in cells radiosensitized by BrdU incorporation into DNA (Morales-Ramirez et al., 1984a) . Induction of SCE by radiation has been demonstrated in several tissues in vivo such as spermatogonia, salivary gland and bone marrow cells (Morales-Ramirez etal., 1994) , and some of these tissues have been used to explore the radioprotective effect of cysteamine (Mendiola-Cruz and Morales-Ramirez, 1989 ) and chlorophyllin (Morales-Ramirez and GarciaRodriguez, 1994; Morales-Ramirez and Mendiola-Cruz, 1995) .
Determination of SCEs as a genotoxic index of damage caused by ionizing radiation is interesting for the following reasons: (i) SCE seem to represent a different kind of lesion from that involved in chromosome aberrations or MN (Carrano etal., 1979; Cassel and Latt, 1989; Ishii, 1981; Kano and Fujiwara, 1981; Sahare/aL, 1981; Uggla and Natarajan, 1983) ; (ii) SCE seem to be caused by persistent lesions compatible with cell division and viability (Morales-Ramirez et al., 1988) ; (iii) at doses near 1.0 Gy the net increase (the increase over the basal value) of SCE per cell is higher than that of chromosome aberrations (Morales-Ramirez etal., 1983) .
The aim of the present study was to determine if vitamin C and p-carotene are capable of protecting radiosensitized murine bone marrow cells in vivo from SCE induction by y-rays.
Materials and methods

Animals
Two-to three-month-old BALB/c male mice weighing ~30g were used in the study. The animals were bred, maintained in plastic cages and fed with Purina Laboratory Chow and water ad libitum in our laboratory, under controlled conditions of temperature and dark-light periods.
Protocol
Groups of at least three mice were exposed to either y-radiation, vitamin (either vitamin C or pVcarotene) or to both at the doses mentioned in Results, at the second division after BrdU incorporation and according to Figure 1 . Vitamins were administered either 1 h after or before radiation exposure. The vitamin doses were established from previously reported studies (El-Nahas etal., 1993; Sarma and Kesavan, 1993; Umegaki etal., 1994a; Sarma etal., 1994) . Control groups treated only with the respective vitamin solvent were also formed. Radiation exposure was achieved in BrdU-substituted DNA with the aim of sensitizing the cells to SCE induction by 7-rays (Morales-Ramirez etal., 1984a).
BrdU administration
Mice were i.p. injected with 1.5 g BrdU/kg body wt previously adsorbed to activated charcoal in a water suspension (Morales-Ramirez et al, 1980 , 1984b . 
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Vitamin C administration
Vitamin C (Lilly) was i.p. administered in aqueous solution at doses of 100 or 200 mg/kg body wt.
-Carotene administration P-Carotene (Sigma) was i.p. administered in 0.2 ml com oil at a dose of 50 mg/kg body wt.
Colchicine
An aqueous solution of colchicine was s.c. injected at a dose of 3.75 mg/kg body wt. Harvesting Both femurs were dissected from each mouse and the bone marrow cells collected by injecting phosphate-buffered saline into one end. The cell suspension was centrifuged at 1500 r.p.m., suspended in 0.075 M KCI and incubated at 37°C for 15 min. Then it was centrifuged again, suspended and fixed with three changes of methanol acetic acid (3:1). The cell suspension was finally dropped onto clean chilled slides.
Differential staining of sister chwmalids
Staining was by the method of fluorescence plus Giemsa (Perry and Wolff, 1974) as slightly modified by Goto etal. (1975) .
Analysis SCE frequency was determined in 30 well-differentiated metaphases per mouse. The mitotic index (MI) was scored in 2000 cells per mouse and the average generation time (AGT) was determined from 300 metaphases in accordance with a previously reported method (Ivett and Tice. 1982)
Statistics
The statistical significance between groups was determined by Student's ttest. The statistical significance of the difference between the curves of cumulative frequency was estimated by a paired r-test. Table I shows SCE frequencies obtained by the different treatments. Exposure to 0.63 or 0.45 Gy y-rays caused significant increases in SCE frequency with respect to the control group. The increases were 2.8 and 1.7 and the rates were 4.4 and 3.8 SCE/Gy respectively. Treatment with 100 mg vitamin C/kg body wt, either before or after radiation exposure, did not significantly decrease the SCE frequency induced by 0.63 Gy y-rays. However, considering that vitamin C per se is capable of increasing SCE frequency, the expected increase would be 3.3 SCE (2.8 + 0.5), assuming an additive effect, which is slightly higher than the observed increments of 2.9 and 2.6 SCE for pre-and post-treatment with vitamin C respectively. A similar but slightly more pronounced effect was observed on reducing the y-ray dose by 30% and increasing the vitamin C dose to 200 mg/kg body wt. The expected increment in SCE would be 2.2 (1.7 + 0.5) and those observed were 1.5 and 1.3 for pre-and post-treatment with vitamin C respectively Vitamin C per se caused a slight, but non-dose-dependent increase over the basal SCE frequency in both experiments, however, it was significant (P < 0.01) in only one of them, possibly attributable to the variability in SCE frequency in the current control.
Results
The difference in response of the cell populations can be compared by plotting the cumulative cell frequency with respect to the number of SCE per cell, as shown in Figure 2 . The plot of cells irradiated with 0.63 Gy showed a higher proportion of cells with a high number of SCE, i.e. 90% of the irradiated cell population had a SCE frequency higher than or equal to 2.0, whereas in the control group this fraction of the cell population represented only 50%. There was a significant difference between these curves compared by paired f-test (P < 0.0003). Cells treated with vitamin C (100 mg/kg body wt) showed a 15% higher frequency of cells with 2.0 SCE/ cell or more with respect to the control population; the resulting curve is also different from the curve for the control group compared by paired f-test (P = 0.024). The curves for cells treated with vitamin C, either before or after exposure to radiation, are slightly displaced toward lower values of SCE than the curves for cells from the irradiated mice; a significant difference was found between the curve corresponding to irradiated and animals post-treated with vitamin C and the curve for irradiated animals (P = 0.023), and even with the curve for animals irradiated and pre-treated with vitamin C (P = 0.020). Figure 3 shows the curves obtained for treatment with 200 mg/kg body wt vitamin C C and 0.45 Gy radiation, which are statistically significant with respect to the curve for the control group with P = 0.0045 and P = 0.0013 respectively. These curves indicate a difference in frequency of cells with 2.0 SCE or less which is 10% higher in the animals pre-and post-treated with vitamin C compared with the irradiated ones. However, only the group post-treated with vitamin C is significantly different (P < 0.011). A significant difference in the curve for post-treated group was obtained from that for the pretreated group (P = 0.016).
The effect of vitamin C before or after exposure to yradiation on MI and AGT in bone marrow cells is shown in Table II . A slight decrease in MI is apparent in the irradiated group, but it is statistically significant in only one of the experiments. The treatments with vitamin C per se did not affect this parameter in any of the groups. A slight delay in AGT was detected in the groups treated with vitamin C before or after irradiation. The difference with respect to the value obtained in the control group was significant with P < 0.05.
With respect to f5-carotene, Table III shows the response obtained after acute exposure to 50 mg/kg body wt. The results indicate that fi-carotene per se is capable of inducing SCE and it has an additive effect with radiation when administered either before or after y-rays. A difference in SCE induction with the same dose of 7-rays was observed between the experiment with vitamin C and the experiment with P-carotene; this can be attributed to a difference in BrdU incorporation into DNA which determines a difference in sensitivity to SCE induction by radiation (Morales-Ramirez etal, 1984a) The plot of cumulative frequency of cells with respect to SCE number, shown in Figure 4 , indicates that all curves are significantly different to that for the control group and confirms that P-carotene is capable of inducing SCE (P = 0.001). A slight difference was observed between the curves obtained for irradiated cells and those pre-or post-treated with ficarotene, although the curve for pre-treated cells is slightly displaced towards low SCE values and is significantly different from that obtained for post-treated cells (P = 0.011).
In Table IV data on the effect of y-rays and pre-and posttreatment with p-carotene on MI and AGT are shown. The results indicate diat P-carotene seems to increase MI after or before exposure to y-rays, although the increase was not statistically significant. AGT did not show any significant difference between the irradiated group and those irradiated and pre-or post-treated with p-carotene. In fact, there was no statistically significant difference with respect to the untreated control.
Discussion
Evidence has been obtained that ionizing radiation is capable of inducing SCE both in vitro (Abramovsky et al, 1978; Chao and Rosenstein, 1984) and in vivo (Morales-Ramirez et al., 1983 and even in cells with unsubstituted (Renault etal., 1982; Chao and Rosenstein, 1984; Morales-Ramirez et al., 1984a or unifiliarly BrdU-substituted DNA (Perry and Evans, 1975; Morales-Ramirez etal., 1983 . Under the latter condition SCE induction is substantially higher (Morales-Ramirez et al., 1984a . Furthermore, evidence has been obtained that in murine bone marrow cells in vivo, the increase in SCE frequency caused by exposure to y-rays persists for >96 h (Morales- Ramirez et al., 1984a) and that lesions eliciting SCE are capable of inducing SCE at die same locus in successive cell divisions (Morales-Ramirez etal., 1988) .
A reduction in radiation-induced damage by means of the treatment widi vitamin C has been observed in garlic cells (Selimbekova, 1969) , in bacteria (Shamberger etal., 1973) and in barley seeds (Conger, 1975) . More recently it has been reported that treatment with vitamin C diminishes the frequency of MN in polychromatic enythrocytes of mice induced by exposure to "/-radiation in vivo (Sarma and Kesavan 1993) . This protective effect has been attributed to scavenging of free radicals and the anti-oxidant properties of this vitamin (Niki, 1991) . The same mechanism was suggested to explain the radioprotective activity conferred by vitamin C in bone marrow •Significant difference versus control, P < 0.05, Student's r-test.
Fig. 4. Cumulative frequencies of cells (%)
with respect to SCE number in murine bone marrow cells from mice untreated (•) or treated with 0.62 Gy y-rays (+), 50 mg/kg body wt P-carotene (*). P-carotene plus y-rays (D) or y-rays plus P-carotene (x). cells of rats. This effect was determined by means of analysis of structural chromosome aberrations (El-Nahas et al., 1993) .
Since it has also been observed that treatment with vitamin C after radiation exposure reduces the frequency of radioinduced MN, it was necessary to think of another mechanism different to that of free radical scavenging. For example, in the case of vitamin E it has been observed that post-irradiation treatment is more efficient than pre-treatment in reducing lethality to mice exposed to 8 Gy y-rays. This was explained in terms of an increment in the immune response or to a higher recovery of bone marrow (Malik et al., 1978) .
Most studies on radioprotective activity of chemicals in mammalian cells have used chromosome aberrations or MN as end-points, however, the use of SCEs as a genotoxic index of damage caused by ionizing radiation is interesting because SCE represent a different kind of lesion from that involved in chromosome aberrations and MN (Carrano et al., 1979; Cassel and Latt, 1980; Ishii, 1981; Kano and Fujiwara, 1981; Sahar etal., 1981; Uggla and Natarajan, 1983) . SCE seem to be caused by persistent lesions compatible with cell division and viability (Morales-Ramirez etal., 1988) and because at doses near 1.0 Gy the net increase (increase over the basal value) in SCE per cell is higher than that of chromosome aberrations (Morales-Ramirez et al., 1983) .
The data from the present work indicate that a dose of vitamin C equivalent to 100 mg/kg body wt confers slight radioprotection, which is somewhat more apparent when the vitamin C dose was doubled and the radiation dose was decreased by 30%. This was concluded assuming that there was an additive effect between SCE induced by vitamin C and radiation. This result was obtained in the protocol with vitamin C administration before or after radiation exposure. The latter agrees with results obtained concerning induction of MN (Sarma and Kesavan, 1993) and supports the proposal that the radioprotective mechanism is not by means of free radical scavenging, since in the protocol involving posttreatment it would not be feasible for vitamin C to react with such radicals.
The effect detected in this work concerning an increment in SCE after treatment with vitamin C agrees with data previously reported for CHO cells in vitro; this was explained by the action of hydrogen peroxide produced by oxidation of ascorbate (Galloway and Painter, 1979; Weitberg and Weitzman, 1985) . Nevertheless, Speit etal. (1980) reported that oral or i.p. administration of vitamin C to Chinese hamster cells did not produce an increment in the basal frequency of SCE.
With regard to P-carotene, there was a clear SCE induction by this agent and it seems to act in an additive way with radiation, no matter whether it was administered before or after y-irradiation. These results do not confirm the previously reported radioprotective activity of P-carotene (Sarma etal., 1994; Umegaki etal., 1994a,b) although the previous studies differ from this study in that P-carotene was administered chronically. This implies that the presence of P-carotene is not the cause of the radioprotection found in other experiments, which may be due to stimulation of mechanisms involved in the response to reduce damage caused by radiation. This means that P-carotene does not prevent damage as a free radical scavenger, but rather stimulates the response of the cell to damage. In the present study no response was obtained with either pre-or post-treatment. This is probably due to the fact that chronic treatment could permit stimulation of a process that requires more time for its expression.
There exists the possibility that some of the treatments cause a cell division delay which in turn could affect SCE frequency. However, in the same system the SCE frequency was almost the same if cells were harvested at 24 or 30 h after the beginning of the experiment (Morales-Ramirez etal., 1983 ).
An interesting point concerns the analysis of curves of cumulative frequencies of cells versus the number of SCE. The curves for the two groups post-treated with either 100 or 200 mg/kg body wt are significantly different from the corresponding irradiated group as well as from the pre-treated group, suggesting that post-treatment with vitamin C of the irradiated animals reduces induction of SCE. Two aspects must be considered: one is the contradiction with the non-significant difference obtained by comparing the response per animal and the second is the possible implication of such a reduction in SCE induction by y-rays caused by post-treatment with vitamin C.
With regard to the statistical aspect, the contradictory observations that post-treatment with vitamin C causes a small but non-significant reduction in SCE in comparison with SCE induced by y-rays and that such a reduction is highly significant when comparing the curves of cumulative frequency of cells versus SCE for the same groups suggest that an analysis of cell populations could give a more accurate idea of the response. The size of the cell samples, which was higher than that from the analysis per animal, could be the cause. This is supported by the fact that previous comparisons of cumulative frequency curves indicate that this analysis is highly reproducible, i.e. the curves comparing SCE frequencies between right and left femora bone marrow cells from control mice or those treated with radiation and/or mitomycin C overlap for the same treatments (Morales-Ramirez and CruzVallejo, 1996) . Furthermore, an overlap of curves for the same treatment was obtained by sampling at least 15 or 30 chromosomes per cell in non-complete metaphases of salivary gland cells, from untreated and mitomycin-or radiation-treated mice (Morales-Ramirez et al., 1995) . The reduction of SCE induced by y-rays by post-treatment with vitamin C clearly indicates that the effect of this vitamin in relation to SCE induction is not due to radioprotection through free radical scavenging. However, it is not a simple task to propose an alternative hypothesis. One possibility is that vitamin C stimulates enzymes involved in repair, but then a reduction in SCE should also be induced by pre-treatment, even though the vitamin C level could be reduced by exposure to radiation. Another possibility is that vitamin C stimulates the viability of slightly damaged cells or elimination of more damaged cells by apoptosis (Storer etal., 1997) .
The results obtained indicate that pre-and post-treatment with vitamin C protects cells against the reduction in MI caused by exposure to radiation. This effect could be explained by stimulation of the homeostatic mechanism which allows recovery of the number of cells reduced by cell death caused by radiation exposure. No effect was observed on the increased AGT caused by radiation, which means that vitamin C increases the number of cells in division but not the time that the cells require to divide. There was no effect of P-carotene on MI, but there was a marginal effect of post-treatment on AGT. It is possible that p-carotene facilitates cell division. A contradictory result is that AGT in the group exposed to 0.63 Gy is smaller than in the group treated with 0.42 Gy. This could be explained by variability of the response of this index.
In conclusion, it could be said that a high dose of vitamin C has a negligible radioprotective effect concerning induction of SCE in BrdU radiosensitized cells as well as a slight but significant SCE inductive capacity and that P-carotene in similar conditions did not have radioprotective activity, but instead caused a significant increase in SCE. Vitamin C seems to stimulate bone marrow recovery through induction of cell division but does not reduce the time for division. Finally, Pcarotene does not seem to have an effect on MI, but does have a marginal effect on TGP.
